TO THE EDITOR
The stratum corneum (SC), formed by differentiated corneocytes embedded in lipid matrix, provides the main barrier to water loss from underlying viable regions of skin. Adjacent corneocytes in the SC are connected by corneodesmosomes (CD) and continually desquamate in normal skin (Chapman and Walsh, 1990) . Whereas the intercellular lipid lamellae are responsible for barrier efficiency (Damien and Boncheva, 2010) , aberrant desquamation can lead to barrier abnormalities in diseases such as Netherton syndrome (Descargues et al., 2005) , xerosis, ichtyosis vulgaris, and psoriasis (Grice and Bettley, 1967) . Although many factors are involved in desquamation (Lin et al., 2012) , one is the severing of protein linkages within CDs. The fact that CD degradation is inhibited at low humidity and enhanced by excess water (Harding et al., 2000) supports the concept of a watermediated desquamation process involving hydrolysis mediated by proteolytic enzymes (Chapman and Walsh, 1990; Menon et al., 1992; Brattsand et al., 2005) . Knowing the water concentration in protein-rich regions of CDs is thus important, as it is relevant for desquamatory processes.
Measurement of corneodesmosomal water concentration requires a spatial resolution of tens of nanometers or less. Such resolution can be achieved using transmission electron microscopy (TEM). Water can furthermore be differentiated from hydrocarbons by electron energy-loss spectroscopy (EELS) (Sun et al., 1993 and 1995; Yakovlev et al., 2010) . Here we report the phasecontrast TEM imaging of CDs in cryomicrotomed samples (t/λ = 0.75) of frozen-hydrated porcine skin and the corresponding measurement of corneodesmosomal water concentration by EELS in a 200-kV Scanning transmission election microscope. Experimental details are provided in the accompanying Supplementary Information S1 online. Porcine skin was obtained from a commercial source and was certified to be a waste by-product. Our measurements show that the average water content in the cellular region of a CD is 51 ± 6 wt% and that in the extracellular region within a CDis 59 ± 6 wt%. This latter value is comparable to the average intracellular water concentration in adjacent corneocytes. These findings suggest that neighboring corneocytes, which are separated by lamellar lipids, are also interconnected via water-rich conduits provided by CDs. In addition, we further find fluctuations in water content within an individual CD, which may reflect the underlying protein organization.
Phase-contrast images were collected first at low dose (1-12 electrons nm
and at a defocus of -8 μm. EELS spectra were then acquired with the incident electron beam converged on the specimen to a defocused probe with a Gaussian full width at half maximum of 12 nm. This probe was digitally rastered across the specimen (12 nm pixel spacing), and energy-loss spectra were collected at each pixel position (dose = 300 e nm − 2 ). The dose and spacing are constrained by electron-beam damage effects (Sousa et al., 2006; Libera and Egerton, 2010) . Phasecontrast images from frozen-hydrated porcine skin (Figure 1a and b) show corneocytes in the lower region of the SC. These are separated by lipid layers (L) and CDs. A water map (Figure 1c ) derived from EELS data, corresponding to the same region as in Figure 1b , shows the water fraction at each pixel position. Lipid-rich regions appear water deficient in Figure 1c , whereas the corneodesmosome is clearly water rich. The intracellular fluctuations within this map comprise variations caused by the hydrophilic organelles and proteins plus variations due to spectral noise (Yakovlev et al., 2010) . We quantified the extent of these variations by analyzing a 5 × 5 pixel region in the intracellular region of the water map. The average water fraction there is 0.63 (SD: 0.02; maximum: 0.67; minimum: 0.60). Importantly, the dark pixels in the L clearly fall outside this range, and the light pixels in the CD are comparable to those within the intracellular region.
Water maps collected from six different CDs furthermore show that the water concentration varies within an individual CD. In concentration profiles across each of these desmosomes (Figure 2a) , a central water peak is flanked, on either side, by a valley with an average of 8 ± 2% (SD) reduction in water concentration. However, the water concentration again increases with increasing distance from the central peak. These fluctuations correlate with features observed in the phase-contrast images. An image-intensity profile was extracted from the rectangular region shown in the high-magnification phase-contrast image of a CD (Figure 2b ) and plotted as filled circles in Figure 2c . Superimposed on this is the average water profile (solid line) determined from the six profiles in Figure 2a . The middle peak in the average water profile corresponds to the extracellular region between adjacent corneocytes. The ends of the profile correspond to the intracellular region. The average water weight fraction at these extremes is 0.59, which implies a region of SC that is close to viable cells. The width of the extracellular region, the distance between the two low-contrast valleys in phase-contrast images (Figure 2c) , is 47.9 ± 4.5 nm (n = 8), roughly consistent with that reported by Al-Amoudi et al. (2005) . The width of the intracellular region (valley) is 14.7 ± 3.0 nm (n = 8), which is comparable to the thickness of the cornified lipid envelope (CLE) (Jonca et al., 2002) . The lower water concentration in the valley region likely corresponds to protein-rich CLE of the SC. On the other hand, the extracellular region comprises corneodesmosin, a key adhesion glycoprotein linked to CLE (Jonka et al., 2002) whose proteolysis is essential for desquamation. The higher extracellular water content could, therefore, be essential for the activity of the proteolytic enzymes required for the degradation of extracellular corneodesmosin.
These results show that CDs in the lower stratum corneum have an average water content close to that of viable cells. Water profiles across CDs further suggest that CDs may provide waterrich conduits between adjacent corneocytes. Trans-epidermal water loss (TEWL) through SC might thus depend not only upon the integrity of the lipid barrier but also on the intactness of the CDs. Degradation of CDs would, therefore, be important not only for desquamation but also for severing the water conduits necessary for maintaining systemic hydration. Hence, in addition to compositional and conformational changes in lipids, aberrant desquamation could also affect TEWL. Note that in healthy skin, which exhibits normal TEWL levels, the degradation of CDs occurs in lower SC (Chapman and Walsh, 1990) . However, TEWL is higher in palmoplantar regions of skin that exhibit a persistence of undegraded CDs (Son et al., 2011) . Therefore, the higher TEWL associated with desquamatory diseases such as ichthyosis and psoriasis might be due not only to lipid barrier abnormalities but also to the persistence of water-rich conduits provided by undegraded CDs. www.jidonline.org 1691
